Molecular dynamics simulations

Computational details
The geometry and dimensions of a peptide coated gold nanoparticle is schematically illustrated in Figure S1 . The diameter of the nanoparticles is around 20 nm. Knowing that the peptides adsorb with their N-terminus on the surface and point towards the solution with their C-terminus, the distance on the surface between two neighboring peptide monomers in an ideal beta sheet is 4.7 Å. The resulting angle between the two beta strands is 2.7°. As this value is very small, it appears reasonable to approximate the spherical nanoparticles as a plane. [1, 2] Figure S1: Scaled drawing of the geometry and dimension of an ideal peptide dimer adsorbing N-terminally on the surface of a gold nanoparticle with a diameter of 20 nm. A: overview, B: zoom-in on the two peptides
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The simulation setup consists of an 8.120x6.446x15.000 nm³ cubic box. The gold layer was 10 atoms thick, breaks the periodicity in the z-dimension, and is continuous in the x and y dimensions (3D periodic boundary conditions). In order to reproduce existing microscopic and electrochemical experimental data [3] , we uniformly distributed 88 citrate anions on top of each of the two Au (111) surfaces. Varying numbers of neutral, zwitterionic GNNQQNY or NNFGAIL peptide monomers or oligomers were added randomly before adding explicit spc water. Oligomers were preassembled according to pdb structures 2OMM (GNNQQNY) and 3DGJ (NNFGAIL) [4] and carefully equilibrated for 50 ns before the production run. An overview of all performed simulations is found in Table S1 . Table S1 : Different simulation setups. Unless otherwise stated all simulations (in all combinations of surfaces and peptides) were run in minimum three repetitions each for 100 ns.
Surface Peptides 1. Gold layer with citrate adlayer 2. Gold layer without citrate adlayer 3. pure solution in the absence of a surface 1, 5, 10, 15, 20, 25 and 30 GNNQQNY or NNFGAIL monomers. Further peptides were added, when all peptides were adsorbed either to the surface or to other peptides. Minimum simulation time for every simulation was 30 ns.
1. Gold layer with citrate adlayer 2. Gold layer without citrate adlayer 3. pure solution in the absence of a surface Preformed GNNQQNY or NNFGAIL oligomers: 1. Linear oligomers forming one beta sheet: dimers, trimers, hexamers; 2. Steric zipper consisting of two neighboring beta sheets: tetramers, hexamers, octamers, dodecamers Gold layer with citrate adlayer covered with an artificial peptide halo. The halo was modeled by covering the surface with N-terminally adsorbed GNNQQNY molecules. The distance between GNNQQNY molecules was chosen according to the observations from the simulations in line 1 of this table.
Monomers and preformed GNNQQNY oligomers: 1. Linear oligomers forming one beta sheet: dimers, trimers, hexamers; 2. Steric zipper consisting of two neighboring beta sheets: tetramers, hexamers, octamers, dodecamers pure solution in the absence of a surface N-terminally restrained GNNQQNY, NNFGAIL or polyalanine (AAAAKAAAAKAAAAKA) [5] monomers (10 ns). The four atoms of the NH 3 -group were restrained with a force constant of 10000 kJ/(mol . nm²) in one dimension (z), two dimensions (x,y) or all three dimensions (x,y,z). The helical input structure of the polyalanin based peptide was generated using "The Phyre2 web portal for protein modeling, prediction and analysis". [6] In order to avoid rapid peptide assembly in solution it is important to keep the peptide concentration in a range which is comparable to experimental conditions. Our experiments were conducted at peptide concentrations of 3.6 mmol/L GNNQQNY or 1.3 mmol/L NNFGAIL. These concentrations are already reached by placing respectively two GNNQQNY or one NNFGAIL monomers in the simulation box. We therefore maximized the distance between inserted molecules and introduced at maximum five unbound monomers per run. To model the experimentally observed rapid up-concentration of the peptides near the nanoparticle surface, we only added additional peptides after all peptides were adsorbed on the surface or on the already existing peptide corona. Finally, 0.15 mol/L NaCl was included in order to simulate physiological conditions and the system was made electrically neutral by adding additional Na + ions. All molecular dynamics simulations were run for 100 ns at 300 K (vrescale coupling) with the Gromacs 4.5.7 package. [7] Electrostatic interactions were calculated using the Particle Mesh Ewald method (PME), with a 1.2 Å grid and a fourth order spline interpolation. The Lennard-Jones cutoff radius was set to 10 Å starting a smooth switch off at 9 Å. All bonds were constrained using the LINCS algorithm. Peptides, water and ions were described with OPLS/AA force field parameters. The parametrization of the gold layer is based on reference [8] . The positions of gold atoms were frozen with the gold dipoles able to rotate freely. This setup requires simulation within the NVT ensemble. Forcefield parameters for citrate anions adsorbed on the Au(111) surface were recently developed by Brancolini et al. [1, 2] We used the bonded and non-bonded parameters for the description of citrate and its interaction with other compounds. A critical point for the correct description of gold adsorption is its polarizability. The GolP parameters by Iori et al. [8] describe local polarization by a rotating, rigid dipole: Each gold atom is represented by a dipole consisting of two opposite charges (-0.3e and +0.3e) which are connected by a rigid rod (0.7Å). In the absence of external charges all dipoles are orientated randomly with isotropic distribution. Upon interaction with an external charge the isotropic distribution is locally disturbed, e.g. dipoles in the vicinity of the charge will in average align opposite to the test charge. This model well resembles the local gold polarization, which is mainly due to the orientation of bound electrons relative to the atom core. However, here we aim to describe a regular ad-layer of three fold negatively charged citrate ions. Next to the local polarization of every gold atom, a macroscopic polarization caused by free electrons in the gold plane is observed. Brancolini et al. [2] model this macroscopic effect by introduction of an additional positive charge on all surface gold atoms. They explain that citrate covered gold nanoparticles with a ζ-potential of -40 to -50mV in a pH range of 5-12, and with an ionic strength of the citrate ions of 20-30 mV, results in a surface charge density of roughly -0.2 e/nm² to -0.3 e/nm². This value is determined by the sum of the negative charges of the adsorbed citrate ions, the positive charge of the surface gold atoms resulting from gold polarization and accumulation of free sodium ions from the solution in the vicinity of the surface. As both, the number of sodium ions in the vicinity of the surface and the positive charge of the gold ions resulting from polarization are unknown, it is not trivial to determine the value of the gold charge from known experimental values. Brancolini et al. investigated two extreme cases: First they used neutral gold atoms and compensated the negative citrate charge purely by addition of sodium ions. Second they assumed that 94% of the negative citrate charge is compensated by polarization of the gold plane and adjusted the charge of the surface gold atoms accordingly. For their test simulations they used a gold plane consisting of five gold layers with an adlayer of citrate ions on top. We observe rapid desorption of the citrate molecules from the surface in case of a neutral gold surface. As this was not reported by Brancolini et al. we tried to optimize our setup: We introduced a steep concentration gradient of the sodium ions such that their concentration is maximal near the surface and decreases rapidly towards the middle of the box. Secondly, we introduced a slab geometry and corrected the Ewald summation according to the method proposed by Yeh and Berkowitz [9] in order to avoid possible effects from an artificial electric field reaching through the box. Nevertheless, in all our simulations we observed rapid desorption of the citrate molecules (see Figure S2 ). Hence with this approach we were not able to realistically model the experimentally observed adsorption of citrate and the stabilization of the colloidal gold nanoparticles. Next we attempted to test the second boarder condition proposed by Brancolini et al [2] : Here a positive charge is introduced on the surface gold atoms modelling a macroscopic gold polarization by movement of free electrons. The two charges of every dipole are now 0.3e and 0.0523e (instead of -0.3e). This charge now compensates 94% of all negative citrate charges. Here a strong attraction between opposing charges stabilizes the citrate molecules in the adsorbed state. However, a closer look at the gold polarization and the resulting electrostatic potential reveals problems. As described above, the charge induced deformation of the gold electron density (polarizability) is explicitly modeled by rotating dipoles. Therefore, upon adsorption of negatively charged ions, an average orientation of all charge dipoles with their positive poles towards the citrate ions is expected. With growing distance between the dipole and the citrate the dipole distribution should approach isotropy. Here, we observed that the surface dipoles orient, as expected, with their positive charge towards the citrate anions. In contrast, the second and all following gold layers orient in the opposite direction. This effect is caused by the introduced positive charge of the first layer of gold atoms. The unexpected orientation of the dipoles in the second and all following layers suggests that the positive charges on the gold atoms of the first layer are too high. This effect is also evident form the electrostatic potential throughout the box (see Figure S3 The citrate molecules situated at 5 nm cause a negative potential. This is compensated by a positive charge on the first gold layer at 4.9nm. The four following layers (4.9-3.7nm) decrease the electrostatic potential again. This is physically not meaningful as the dipoles are expected to orientate in a way that they shield the negative electrostatic potential caused by citrate anions instead of increasing it.
To improve our simulation setup, we tested different charge values and found that the expected behavior is best reproduced when half of the negative charges of the citrate anions is shielded by macroscopic gold polarization (charge on the surface gold atoms simulating the movement of free electrons in the metal) while the other half is shielded by sodium ions from the solution and microscopic polarization (gold dipoles simulating polarization of bound electrons relative to the core). This is obtained if the charges of the dipole are set to +0.3e and -0.12385e, respectively. Furthermore we doubled the thickness of the gold plane using 10 instead of 5 gold layers and adsorbed citrate molecules on both surface areas.
Under these conditions citrate molecules stay adsorbed on the solvated surface (see Figure S4A ). If peptides are included in average 2-3% of the citrate ions leave the surface upon interaction with adsorbing peptides (see Figure S4B ), which is in accordance with experimental results (compare experimental details). The orientation of the dipoles and the resulting electrostatic potential of the improved gold plane model are shown in Figure S5 . It is clearly visible that only the dipoles of the first gold layer show a strong alignment towards the negatively charged citrate anions ( Figure S5A ). All other layers are more randomly distributed. To quantify the anisotropy of the dipoles we calculated the average cosine of the angle between the dipoles and the z-axis (perpendicular to the gold plane). In case of isotropic distributions the cosine approaches zero. Figure S5B shows that already in the second layer the distribution of the dipoles is isotropic. This means, that the positive charge on the first gold layer shields the negative charge of the citrate very efficiently within the gold plane. Analyzing the electrostatic potential reveals that the shielding towards the solution by sodium ions is also efficient. The slope of the electrostatic potential decreases within approximately 2.5 nm to zero. approaches 0. This is the case for layers 2-5. C: Electrostatic potential through the box in z-direction. The citrate molecules on both sides of the gold plane cause a negative potential. This is compensated by the positive charges on the two surface gold layers and by a sodium cations located in the vicinity of the surface. Those two sources of positive charges shield the negative citrate charge efficiently and limit its influence on the electrostatic potential to approximately 2 nm from the surface.
Thus the adsorption/desorption behavior of the citrate molecules and the shielding of the negative charge by polarization and local up-concentration of sodium ions are well reproduced. Therefore we consider the proposed model as suitable for the simulation of a citrate covered gold layer and its interaction with amyloid peptides, water and dissolved sodium and chloride ions. In summary we describe the interaction between citrate and gold based on the the GolP forcefield [8] and the citrate parameters developed by Brancolini et. al. [1, 2] , but add an additional positive charge of 0.17615e on every surface gold atom.
For visualization of trajectories and calculation of Ramachandran plots the program Visual Molecular dynamics (VMD) 1.9.1 has been used. [10] The secondary structure of the peptides was analyzed using the software stride. [11] Other properties like temperature, electrostatic potential, electric field, Coulomb and Lennard-Jones interaction or density have been evaluated using the tools implemented in Gromacs. We used a modified version of 'genion' which generates a realistic electric double layer via an implemented Monte Carlo algorithm.
Investigation of a possible templating effect of the nanoparticles
As mentioned above we investigated a possible templating effect of the nanoparticle surface. To this aim, we investigated two different surfaces: A pure citrate covered gold surface and a surface which is densely packed with N-terminally bound peptides. Because of the very high peptide density of the latter surface, only the C-terminal regions of the peptides were available for further peptide-peptide interactions (compare Table 1 ). We finally exposed this artificially created halo as well as the citrate stabilized gold surface (an independent set of simulations) to peptide monomers and oligomers (compare Table 1 ). A possible templating effect was stipulated from the observed stability of the introduced oligomers.
We found that interaction with the citrate stabilized surface or halo leads to complete dissociation of small, loose oligomers (dimers, trimers), while larger oligomers (linear hexamers, steric zipper octamers and dodecamers) kept their original structure. Other oligomers, such as, for example, a tetramer composed of two dimers which were anti-parallel arranged, showed at least in one of the three repetitions of the simulations dissociation upon interaction with the peptide-monolayer or the citrate covered gold surface (compare Figure S6) . Accordingly, it is unlikely that a predominantly unstructured monolayer in which mainly the C-terminal region is accessible for new peptide-peptide interactions could act as a template for monomers or unstructured oligomers to form regular fibrils.
This supports the hypothesis that only a strong interaction with the surface is not sufficient to accelerate fibril formation. Instead a balance between peptide-peptide and peptide-surface interaction is needed. This constrains the N-terminally bound peptides, but also leaves space for hydrogen bonds along the peptide backbones with newly arriving peptides from the solution and therefore facilitates beta-sheet formation and fibril growth. : Ramachandran plots and typical structures for peptides adsorbed on a bare gold surface. All highlighted aminoacids (purple) have the unusual Ramachandran plot which is typical for surface bound aminoacids and aminoacids at the ends of growing fibrillary structures. The Ramachandran plot shows the phi and psi angle of one of the highlighted aminoacids for all structures of a 100 ns trajectory. The plot shows that switches between the unusual phi and psi angles and the typical beta sheet region were observed.
Restrained peptides: Ramachandran plots, conformational Entropy and Enthalpy
As mentioned in the main text the dihedral angle space shows a preference for very low phi angles and psi angles around 0° when in the presence of either a C-terminal or N-terminal constraint (see Figure 3C main text and Figure S8 ). These bonds show a high degree of flexibility and frequently adopt regions in phi-psi space characteristic for beta sheets. These states in the Ramachandran plot are also observed at the loose ends of different preformed oligomers with cross beta sheet structures ( Figure S8 and 3D in main text). They are, however, not observed in the middle of stable and well-ordered oligomers (see Figure S9 ). Equivalently, they are also not observed in isolated peptides with a large propensity to form alpha helical structures (Fig. S10) . Therefore, population of these untypical states reflects the semi-flexible, string-like behavior of the restrained amyloid heptapeptides. 
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In order to catalyze fibril growth the ongoing surface-peptide interactions must overcome the translational-and rotational entropy associated with monomer (and oligomer) addition to the growing ends of fibrils. In addition, such a surface restraint must support the formation of essential structural intermediates which can easily transfer into beta sheet structures. A Ramachandran plot reflects both the likelihood of adopting a certain, specific structure as well as the conformational flexibility (number of accessible structures). To gain a more quantitative insight into the conformational flexibility of the peptide we additionally calculated the conformational entropy under different situations: (i) an isolated peptide in solution, (ii) an isolated N-terminally bound peptide (@gold+citrate), (iii) a peptide at the growing end of the fibril, and (iii) a peptide in the middle of a regular betasheet. To this aim, we determined the conformational entropy of the protein backbone by applying the so called Schlitter method.
[12] Figure S11 shows that the entropy of a peptide absorbed on the citrate covered gold surface in fact converges to similar values as the free peptide in solution (the slower convergence reflects a slower conformational dynamics) -thus although binding to the surface largely decreases translational and rotational entropy it in fact conserves conformational entropy. Further, a peptide at the loose end of a regular oligomer shows a moderate reduction in conformational entropy, which is further reduced for peptides in the middle of regular beta-sheets. Thus, fibril formation is associated with a moderate reduction of conformational entropy. However, we note that in mixtures of small molecular species the contribution of conformational entropy is relatively small with respect to the contributions of translational-and rotational entropy (this is rather different in polymer mixtures where conformational entropy plays a dominant role). Finally, we investigated the 'conformational enthalpy' (only including self-interactions) for the four different cases. Figure S12 shows the corresponding enthalphy distributions. The free peptide and surface bound peptide show a slightly wider distribution than the two oligomeric peptides. This widening is most pronounced within the left tail of the distributioncorresponding to the enthalpically more favorable configurations. In oligomers the formation of enthalpically (and entropically) less favorable structures must be overcompensated by favorable inter-molecular interactions (the driving force of beta sheet formation).
Experimental
Stability of citrate adlayer
As mentioned above it is important to know if the citrate adlayer is stable during peptide adsorption or if significant amounts of citrate molecules are replaced by peptides. To investigate this we measured the zeta-potential of the same nanoparticle suspension before and after adding 0.3 mg/mL (0.36 mmol/L) GNNQQNY and found no significant differences. The pure suspension has a zetapotential of -40+5 mV. After addition of the peptides it was measured to be -37+5 mV. Hence we conclude that the adsorption/desorption equilibrium as observed in our simulation setup -around 2-3% of the citrate molecules leave the surface -resembles experimental observations well.
Even if citrate molecules are not exchanged, the addition of peptides to the suspension may still over time destabilize the colloidal suspension and hence lead to agglomeration of the peptide covered nanoparticles. In this case the electron micrographs should show assemblies of nanoparticles with fibrils growing out of the agglomerated nanoparticles. Figure S13 shows an electron micrograph of GNNQQNY fibrils formed in the presence of citrate stabilized gold nanoparticles. The zoom-in shows that the nanoparticles adsorb as individual particles on smaller fibrils which are embedded in larger peptide aggregates. Hence we can conclude that the nanoparticle suspension is stable. Nanoparticles do not agglomerate but instead are included in a growing network of amyloid fibrils. 
Influence of nanodiamonds and PEGylated gold nanoparticles
In order to check the influence of polarizability and charge of the metal surface on the aggregation mechanism, we investigated (i) oxygen terminated nanodiamonds (d=25±10 nm, ζ= -40±5 mV) which have approximately the same diameter and zeta-potential as the citrate covered gold nanoparticles (d=20 nm, ζ= -40±5mV) and (ii) polyethylene-glycol-coated gold nanoparticles (d=25 nm, ζ= -23±5 mV).
The zeta-potential reflects the sum of the actual surface charge and charge balancing effects like dissolved counter-ions or polarization effects of the underlying surface. Accordingly, if the same zetapotential is measured for polarizable and for non-polarizable surface materials, the actual surface charge of the polarizable material is higher. As explained in the main text we find a strong influence of the polarizable citrate covered gold surface on peptide fibrillation and attribute this to a constraining effect of the surface, which is strong enough to bind the peptides, but low enough to enable at the same time competing peptide-peptide interactions. In case of the non-polarizable nanodiamonds the actual surface charge density is lower (there is no shielding effect from polarization of the surface and the zeta-potential is identical). Therefore we expect a weaker Nterminal binding, only a small or no constraining effect of the surface and a dominating peptidepeptide interaction. Hence the aggregation mechanism should resemble the behavior in free solution rather than the behavior observed in the presence of metal nanoparticles. Figure S14 shows that the nanodiamonds indeed do not influence the morphology and the kinetics of the peptide aggregation process. There are no significant differences to the control sample in the absence of nanoparticles (lag time roughly 50 min). In contrast, the citrate covered gold nanoparticles do accelerate the aggregation (lag time around 15 min) and lead to larger, thicker and more crystalline fibrillary aggregates (see also Ref. [16] ). The average dimensions of the different aggregates are given in table S2. A possible reason for the larger size of the aggregates could be the facilitated three dimensional growth in the vicinity of the nanoparticles: The thickness of the fibril is determined by the number of beta sheets which arrange in a steric zipper motif. In such a motif side chains of peptides from adjacent beta sheets interact mainly via relatively weak interactions like hydrophobic or van-der-Waals interactions. Accordingly the probability that a small protofibril in free solution grows thicker is low compared to the probabilities of forming either a new seed (resulting in more fibrils) or extending the fibril length via addition of a new peptide to a growing beta sheet (leading to extension of the fibril length). Contrarily, at the surface of the nanoparticle the addition of a new beta sheet, and hence thickening of an existing protofibril is facilitated by the additional interaction with the surface which leads to alignment of the peptides in two (instead of only one dimension). Accordingly in case of the presence of a surface the growth of the length and the thickness of an existing protofibril is more likely than formation of a new seed. This could be the reason why less but, larger and thicker aggregates, with a better long range order of its peptides [16] are observed. For PEGylated gold nanoparticles, the underlying material, and thus the polarizability of the surface is the same as for purely citrate stabilized gold nanoparticles. However, PEGylation of the citrate stabilized particles leads to a decrease of the surface charge which is evident from a less negative zeta-potential (citrate-stabilized Au-NP: ζ= -40±5mV; PEGylated AU-NP: ζ= -23±5 mV). Accordingly, we expect a weaker binding to the surface, i.e. peptide-peptide interaction will outcompete peptidesurface-interaction, and thus little to no effect of the PEGylated nanoparticles on peptide fibrillation. Figure S15 shows a series of time-laps SEM data of GNNQQNY aggregation in the presence of citrate stabilized gold nanoparticles, in the presence of PEGylated gold nanoparticles and in the absence of nanoparticles. It clearly shows that the behavior in the presence of PEGylated nanoparticles concerning fibrillation (lag)time and fibril morphology and dimensions (see table S2 ) resembles the behavior in the absence of nanoparticles. Thus, it is very different from the behavior in the presence of citrate-stabilized gold nanoparticles. 
We note that polyethylene glycol interacts with ThT, which challenges tracing of the kinetics in the presence of PEGylated nanoparticles using ThT-fluorescence. [13] 2.3 Experimental details of the fibrillation essay
Materials and methods
The synthesis of gold (d=20 nm, ζ= -40±5mV) [14] and silver nanoparticles (d=20 nm, ζ= -38±5mV) [15] is described elsewhere. [16] The aqueous suspensions contain 35 µg/mL Au or 54 µg/mL Ag, respectively.
To coat the citrate stabilized gold nanoparticles with polyethylene glycol (PEG) a solution of 5 mg O-(3-Carboxypropyl)-O′-[2-(3-mercaptopropionylamino)ethyl]-polyethylene glycol (Aldrich, MW 5000) in 400 μL ethanol was added to 1mL of the above mentioned gold nanoparticle suspension. The mixture was shaken over night at 25°C and afterwards centrifuged with 16400 rpm. The pellet was resuspended in 1 mL water. Centrifugation and resuspendation was repeated twice. The final nanoparticle pellet was resuspended in 100 μL water and stored at room temperature. The particles have an average diameter of d=25 nm and a zeta potential of -23±5 mV (Malvern Instruments Ltd., Zetasizer Vers. 6.20). The aqueous suspension contains approximately 350 µg/mL Au.
The commercial nanodiamond samples (MSY 0.0 -0.05) were purchased from MICRODIAMANT AG (Switzerland). Those diamonds where produced by a high-temperature high-pressure-process (HTHP).
To remove the graphite residues of the synthesis and oxidize the surface, the nanodiamonds were treated according to standard procedures. [17] The average size distribution and the zeta-potential were determined to be d=25±10 nm and ζ= -40±5 mV. A stock suspension containing 53 µg/mL nanodiamonds in ultrapure water (18.2 MΩ cm resistivity at 25 °C, Millipore Direct Q3, EMD Millipore Cooperation, USA) was produced.
Peptides were purchased from Eurogentec Deutschland GmbH (Köln, Germany) with a purity of >95% controlled by HPLC.
For fluorescence measurements a stock solution of 0.4 mmol/L Thioflavin T (M=318.86 g/mol) (ThT) was prepared. 10 µL (4 nmol ThT) of this solution was added to a typical reaction mixture with a final volume of 1 mL in order to reach in all experiments a final ThT concentration of 4 µmol/L.
Thioflavin fluorescence increase was measured with a Tecan infinite M200 microplate reader (Tecan Group AG, Männedorf, Switzerland). The temperature was set to 25°C and a shaking cycle of 1 min shaking (1 mm shaking amplitude and 173.9 rpm) followed by a 1 min measurement time was applied. The excitation was set to 450 nm and the emission was measured at 485 nm. Every experiment was performed in minimum three fold repetition. The total reaction volume per microplate was 150 µL. All quantities given in table S3 and S4 for a total volume of 1 mL were scaled accordingly.
Structure and morphology of the peptide aggregates and the nanoparticles were studied using an Ultra 55 SEM (Carl Zeiss Ltd., Göttingen, Germany). All samples were immobilized on silicon wafers (Ted Pella, Inc.) and investigated without prior metal coating.
Fibrillation essays
To initiate and measure fibril formation in the presence or absence of nanoparticles we used a similar protocol as published previously. [16] Briefly, to prepare 1 mL of the aqueous reaction solution, we dissolved 3 mg (3.6 µmol) GNNQQNY or 1 mg (1.3 µmol) NNFGAIL in 50 µL or 10 µL DMSO, respectively. To run a control experiment in the absence of any nanoparticles, a mixture of 10 µL (4 nmol) Thioflavin T (ThT) and 940 µL (for GNNQQNY) or 980 µL (for NNFGAIL) ultrapure water was added. The reaction mixture was shaken with 200 rpm at 25°C.
To test the influence of different nanoparticles, a suspension of aqueous nanoparticles was added to the thioflavin-T water mixture before diluting DMSO-dissolved peptides with it. Table S3 summarizes all relevant quantities: In order to test which concentration is needed to suppress all fibril growth the peptide concentration was systematically reduced up to 1/1000 th of the original concentration in the absence and, in an independent set of experiments, in the presence of 20 µg/mL metal nanoparticles. It was found that already a reduction to 1/10 th (GNNQQNY: 0.3 mg/mL, 0.36 mmol/L; NNFGAIL: 0.1 mg/mL, 0.13 mmol/L) of the original peptide concentration is sufficient to suppress fibril formation in vitro independent of the NP concentration for at least two weeks. This peptide concentration is however high enough to fully cover the nanoparticles, as apparent in an immediate red shift of the nanoparticles plasmon resonance and formation of a halo which was observed in SEM images. [16] As explained in the main text changes within this corona are rate-limiting for the accelerated fibril growth in the presence of nanoparticles (lagtime in the presence of NPs: t 0 =15 min; lagtime in the absence of NPs: t control =1 h). This was shown by increasing the peptide concentration to the values given in table S3 after different incubation times t 1 at the reduced peptide concentration in the presence of NPs. The detection time t 2 , i.e. the time until first fibrils were detected after increasing the concentration, was measured and compared to the lag time at full concentration t 0 . We found that t 2 is negligible as soon as t 1 is equal or larger as t 0 . The conclusion here must be, that t 1 , i.e. the restructuring of the corona around the nanoparticle, is rate determining. To ensure the validity of this experiment, a control experiment in the absence of nanoparticles was conducted. Here the time t 2 was completely independent of t 1 and always equaled t 2 =t control =1h. Table S4 summarizes all important times and quantities: In order to ensure short-interval sampling, including investigations of samples immediately before and after peptide concentration increase, time-laps offline Scanning electron microscopy images were taken.
The result of the control experiment in the absence of nanoparticles is shown in Figure S16 . Here the preincubation time t 1 at a reduced concentration of 0.3 mg/mL GNNQQNY was chosen to be 2.5 h, which is clearly above the normal lag time t control =1h. In the corresponding experiment in the presence of nanoparticles immediate fibril formation after peptide concentration increase was observed. In the absence of nanoparticles, however, initial fibril formation is first observed after t 2 =t control =1h. The preincubation has no effect. It can therefore be concluded that the observed effect is due to a restructuring of the corona around the nanoparticle. [22] NIPAM/BAM 40 n.s. hIAPP and hIAPP (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) n.s. Retardation Increased effect with increasing NIPAM (more hydrophil) percentage [23] (SNNFGAILSS) Effects only nucleation, not elongation phase PEGylated poly(alkyl cyanoacrylate)
95
-30 Abeta 1-42 neg. Retardation [24] Hydrophobic surfactant chain NP with perfluorododecanoic acid (hydrophilic) 4 -47 Abeta 1-42 neg. Retardation [25] poly(lactic-co-glycolic acid) (PLGA) coated with Ac-LVFFARK-NH 2 161 -10 Abeta 1-42 neg. inhibition Ac-LVFFARK-NH 2 = beta sheet breaker (introduction of charged R and K into central hydrophobic region LVFFA of Abeta [26] Polyacrylate containing hydrophobic dipeptide (PhePhe) in side chain 57 -6 Abeta 1-40 neg. inhibition [27] Polyacrylate containing hydrophobic dipeptide (AlaAla) in side chain n.s. n.s. Abeta 1-40 neg. acceleration [27] Metal Gold 30 -38 Abeta 1-42 neg. Retardation Only fragments, oligomers are formed [28] Gold carboxyl term. 30 -39 Abeta 1-42 neg. Retardation Only fragments, oligomers are formed [28] Gold amine term. Effect of differently capped gold nanoparticles on the elongation phase in the presence of seeds was investigated [29] Gold citrate stabilized 10-22 -39 [29] α-Synuclein -4 Acceleration N-terminal binding (trypsin digestion) [30] Gold 90 n.s. Lysozyme n.s. Acceleration [31] Gold citrate stabilized 20 -40 GNNQQNY from Sup35 0 Acceleration N-terminal binding (MD-simulations) leads to characteristic Ramachandran plots that are also observed at the growing ends of fibrils [16] Gold (reduced with NaBH 4 ) 18 -33 GNNQQNY from Sup35 0 Acceleration [16] PEGylated gold (based on 25 -23 GNNQQNY 0 No effect [16] citrate stabilized) from Sup35 Silver 20 -38 GNNQQNY from Sup35 0 Acceleration [16] Gold citrate stabilized 20 -40 NNFGAIL from hIAPP 0 Acceleration N-terminal binding (MD-simulations) leads to characteristic Ramachandran plots that are also observed at the growing ends of fibrils [16] Gold (reduced with NaBH 4 ) 18 -33 NNFGAIL from hIAPP 0 Acceleration [16] PEGylated gold (based on citrate stabilized) [32] γ-Fe2O3 15 12 Insulin (pH 1.6) n.s. No effect Adsorption is observed [33] γ-Fe2O3/PHFBA (heptafluorobutyl acrylate) 15 4 Insulin (pH 1.6) n.s. Inhibition [34] γ-Fe2O3 coated with Abeta40 23 n.s. Abeta 1-40 neg. acceleration [35] γ-Fe2O3 coated with LPFFD 21 n.s. Abeta 1-40 neg. inhibition LPFFD = beta sheet breaker [36] = modification of central hydrophobic region of Abeta (LVFFA) [35] MnFeO4 [39] CdTe QD capped with negatively charged N-acetyl-S-cysteine 4 neg. Abeta 1-42 neg. Inhibition Inhibits nucleation and elongation [40] DHLA-capped CdSe/ZnS QD 4 -26 [41] Human serum albumin neg. acceleration DHLA: dihydrolipoic acid [42] Hydrophilic polymer-coated Quantum dots 16 n.s. human β2 Microglobulin Acceleration [21] PEGylated QD with attached α-Synuclein monomers 19 n.s. α-Synuclein neg. Acceleration Biotinylated α-Synuclein monomers bind to streptavidin which is attached to PEG on the quantum dot; immobilized monomers act as seeds for aggregation [43] MPA-CdTe QD 2. Elongation inhibition no effect acceleration Effect of differently sized quantum dots on the elongation phase in the presence of seeds was investigated MPA: mercaptopropionic acid [29] NAC-CdTe QD 2.8 -30 Abeta 1-42 neg.
Elongation inhibition
Effect of differently sized quantum dots on the elongation phase in the presence of seeds [29] 3.1 3.8 -40 -29 no effect acceleration was investigated NAC: N-acetyl-l-cysteine Carbon based Fullerene C60 (13uM=9mg/mL) 1.01 [44] n.s. Abeta 1-40 neg. inhibition Strong hydrophobic and aromatic-stacking interactions (REMD) [45] Fullerene C60, C70 (0.01mg/mL) 1.07 [44] n.s. Abeta 1-42 neg. no effect Fullerene concentration too low for effect (mass concentration typically used for solid metal nanoparticles) [32] Carbon dots <6 -0.2 Insulin n.s. Inhibition [46] Nano-diamonds 30 -40 GNNQQNY from Sup35 0 No effect [47] Nano-diamonds 30 -40 NNFGAIL from hIAPP 0 No effect [47] Graphene oxide n.s. n.s. Abeta 1-42 neg. Retardation [48] Single walled carbon nanotubes (SWCNT) d~0.5 l<500 n.s. Abeta 16-22 0 Inhibition MD simulation: Abeta fibrils/oligomers penetrate through adjacent graphene layers and are destroyed upon this interaction [49] All atom REMD: SWCNT destruction of oligomers, inhibition of fibril growth due to strong electrostatic interaction between the hydroxyl groups of SWCNTs and positively charged residues and hydrophobic and aromatic-stacking interactions [50] [50,51]
[49]
Multi-walled CNT d~6 n.s. human β2 Microglobulin n.s. Acceleration [21] Other Hydrophilic glass n.s. n.s. Alpha Synuclein -4 Acceleration Fibrillation at lower concentrations, 1 st lay down, 2 nd stand up [52] * Fibrillation (lag) time compared to negative control experiments in absence of nanoparticles
